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Hedgehog signalling has been implicated in a variety of processes in vertebrate development, and in each case, the activity
of Hh proteins is thought to be mediated by their interaction with a large multipass transmembrane protein encoded by the
patched (ptc) gene. In this study we present the full-length coding sequence and describe the wild-type expression pattern
of a second ptc gene in zebrafish, Zf-ptc2. We find that at the sequence level Zf-ptc2 is more closely related than Zf-ptc1
to the ptc genes initially characterised in other vertebrate species. We also show that transcription of Zf-ptc2, like Zf-ptc1,
is dependent upon Hh signalling and present evidence that it is activated in response to lower levels of Hh activity than is
Zf-ptc1. In addition we find no evidence for any specificity in the regulatory interactions between the various Hh proteins
and the two ptc genes in the zebrafish. © 1999 Academic PressKey Words: hedgehog; signalling; patched2; receptor; zebrafish.
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Signalling by Hedgehog (Hh) family proteins has been
implicated in a wide range of embryonic processes in
vertebrates including the development of teeth, hair fol-
licles, the lung, the urogenital system, and the stomach as
well as in the anteroposterior patterning of the limb, the
patterning of the neural tube and somites, chondrocyte
differentiation, and spermatogenesis (for review see Ham-
merschmidt et al., 1997). In each case, the activity of Hh
proteins is thought to be mediated by their interaction with
a large multipass transmembrane protein encoded by the
patched (ptc) gene. Like, hh, ptc was first identified in
rosophila and genetic analysis in this organism has given
mportant insights into the way in which the Ptc protein
unctions (reviewed in Ingham, 1998). Two findings are of
articular significance: first, in the absence of Ptc activity,
h target genes are constitutively activated in a Hh-
ndependent manner (Ingham et al., 1991; Ingham and
idalgo, 1993; Capdevila et al., 1994); and second, the
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Moleculaire, 24 rue du Fanbourg St. Jacques, 75014 Paris, France.1
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14de-repression of Hh target gene expression in the absence of
Ptc activity is completely suppressed by mutation of a third
gene, smoothened (smo) (Hooper, 1994; Quirk et al., 1997).
These data, together with the finding that smo encodes
nother multipass transmembrane protein (Alcedo et al.,
996; van den Heuvel and Ingham, 1996), have led to the
revailing model of Ptc protein function whereby Ptc sup-
resses the Hh pathway by repressing the activity of Smo,
n effect that is abrogated by the binding of Hh protein to
tc (Alcedo et al., 1996; Chen and Struhl, 1996). In support
f this model, biochemical studies have shown that Hh
amily proteins can bind to Ptc but not to Smo, whereas Ptc
nd Smo have been shown to interact physically (Marigo et
l., 1996a; Stone et al., 1996).
As well as acting in the transduction of the Hh signal, Ptc
rotein plays a second important role, limiting the diffusion
r movement of Hh protein away from its source. Tran-
cription of ptc is itself regulated by Hh and as a result, cells
hat respond to Hh express elevated levels of the Ptc
rotein. This accumulation of Ptc protein in turn leads to
he sequestering of Hh protein in responding cells, effec-
ively limiting the range of Hh signalling (Chen and Struhl,
996). Such spatial regulation of Hh protein has important
onsequences for the tissues on which it acts. Studies in
0012-1606/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
H
d
e
i
h
1
l
i
o
p
n
p
c
s
1
t
f
n
e
s
t
g
i
n
B
w
1
m
t
l
p
f
z
(
e
l
o
t
t
m
p
s
r
T
l
s
f
t
t
t
t
r
i
Z
p
l
f
t
z
S
i
1
l
e
l
p
d
15Characterisation of Zebrafish patched2both Drosophila and vertebrate embryos have shown that
h proteins act in a concentration-dependent manner, with
ifferent levels of protein activating gene expression differ-
ntially in the Drosophila wing imaginal disc and specify-
ng different cell types in the vertebrate neural tube (Ing-
am and Fietz, 1995; Ericson et al., 1996; Ericson et al.,
997; Strigini and Cohen, 1997). The modulation of Ptc
evels in response to Hh activity thus has the potential to
nfluence the patterns of gene expression and/or the variety
f cell types induced in response to a specific source of Hh
rotein.
Homologues of Drosophila ptc have been identified in a
umber of organisms and in all cases studied to date, their
atterns of expression suggest that, like their Drosophila
ounterpart, they are transcriptionally regulated in re-
ponse to Hh signalling (Goodrich et al., 1996; Marigo et al.,
996b; Concordet et al., 1996; Motoyama et al., 1998). In
he mouse, mutational analysis has demonstrated that the
unction of a single Ptc protein is absolutely required in the
eural tube to suppress the targets of Shh activity (Goodrich
t al., 1997), suggesting that as in Drosophila, Ptc acts to
uppress the Hh signalling pathway. Further support for
his notion comes from the analysis of humans heterozy-
ous for mutations in the human ptc gene Ptch. Such
ndividuals show a strong predisposition to basal cell carci-
omas (BCCs) of the skin and in the majority of cases these
CCs are associated with the mutation or loss of the
ild-type Ptch allele (Hahn et al., 1996; Johnson et al.,
996). Since BCCs are also associated with gain-of-function
utations in human Smo (Xie et al., 1998), this suggests
hat Ptch is also responsible for suppressing the Hh signal-
ing pathway in humans (for review see Ingham, 1998).
While these findings are consistent with a single Ptc
rotein mediating the activity of Shh and perhaps of all Hh
amily proteins in vertebrates, we previously found that the
ebrafish genome contains at least two ptc-related genes
Concordet et al., 1996). This discovery represented the first
xample of duplication of the ptc gene in the vertebrate
ineage and raised the possibility that, at least in this
rganism, different Hh family proteins interact with dis-
inct Ptc receptors. Given the partially duplicated nature of
he zebrafish genome (Postlethwait et al., 1998), it re-
ained unclear whether this second ptc gene represented a
eculiarity of the fish; however, the partial or complete
equences of additional ptc genes have subsequently been
eported in both newt and mouse (Motoyama et al., 1998;
akabatake et al., 1997), indicating that two ptc genes are
ikely to be present throughout the vertebrate lineage.
These findings pose a number of questions about the
ignificance of multiple Ptc proteins in relation to the
unction of Hh proteins. In this paper we address some of
hese by characterising the full-length coding sequence and
he regulation of the spatiotemporal pattern of expression of
he zebrafish (Zf) ptc2. We find that at the sequence level,
hough not in its expression pattern, Zf-ptc2 is more closely
elated than Zf-ptc1 to the ptc genes initially characterised
n other vertebrates. We also show that transcription of
Copyright © 1999 by Academic Press. All rightf-ptc2, like Zf-ptc1, is dependent upon Hh signalling and
resent evidence that it is activated in response to lower
evels of Hh activity than is Zf-ptc1. We find no evidence
or any specificity in the regulatory interactions between
he various Hh proteins and the two ptc genes in the
ebrafish.
MATERIALS AND METHODS
Degenerate PCRs
All the PCRs used random primed first-strand cDNA synthe-
sised from RNA isolated from 24-h-old zebrafish embryos. Ampli-
fication, cloning, and sequencing were performed as described in
Concordet et al. (1996). In order to minimise errors due to the PCR
procedure, each PCR was repeated two or three times, and a
number of subclones from each individual reaction were sequenced
on both strands. Sequencing was mainly done using either Phar-
macia or Applied Biosystems automated sequencers. Some se-
quencing was done manually using 35S and standard protocols.
equence analysis was performed using Geneworks (Intelligenet-
cs), DNASTAR (Applied Biosystems), and GCG (Devereux et al.,
984) software packages.
For all the PCR primers described in this paper, the lowercase
etters refer to a linker sequence, used to incorporate restriction
nzyme sites into the ends of the PCR product. The uppercase
etters are sequence based on the known nucleotide sequence of
tc2 (specific primers) or a comparison of different Ptc proteins as
iscussed under Results (degenerate primers).
5* Fragments
IQR: 530-nucleotide fragment; specific primer from initial
Rev2 fragment: ptcfin2/cp, ggacgaattcATCTTCAACTCAGCAAT-
GAAGC; degenerate primer: ptc2IQRdeg/id, atacgaggatccATICAR-
ARRMAYTGYGGIAA.
5-1: 320-nucleotide fragment; specific primer from IQR frag-
ment: P2-5P-AMFS/cp, atacgaggatccACTAAACATGGCCTC-
CTCTCCGATC; degenerate primer: P2MOCHF1/id, ggatgaat-
tcAGTATCTGCAGCGGCCGAGCTA.
3* Fragments
EVL: 440-nucleotide fragment; specific primer from initial ge-
nie3 fragment: R3G3THREEOUT, ggacgaattcGCCATCTGCAA-
CAACTA; degenerate primer: Ptc2/PEVL/cp, atacgaggatccSYIS-
CIARCATIARIACISC.
3-7: 350-nucleotide fragment; specific primer from EVLfragment:
P2-3P-RNKR/id, ggacgaattcATCGGTGACAGGAACAAGCGAG;
degenerate primer: P2-3P-SDSEY/cp, aggcgaggatccTAYTCISWRT-
CISWISWITC.
Genomic Library Screening
Cosmid DNA was prepared from 200- to 400-ml cultures using
Qiagen maxi prep kits (cosmid protocol). Cosmid DNA was di-
gested with EcoRI, run on a Southern blot, and probed with
[32P]dCTP-labelled 3-7. Positive fragments were isolated using the
Qiagen Qiaex II gel extraction kit, subcloned into Bluescript KS,
and sequenced using a primer close to the 39 end of the known
s of reproduction in any form reserved.
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16 Lewis, Concordet, and Inghamsequence (3Psequen1/id): 3Psequen1/id, TTGTCCTGAGG-
TATCTCCAGCGGATG. The sequence in the region of the stop
was then checked by RT PCR using ptc2end1/cp, atacgaggatccCT-
GGAGGTTGTACTGCTGAAG, and ptc2end3/id, ggacgaattc-
CTCTGCTAGGAGTCTTGATG. Two separate subclones were
sequenced.
Inverse PCR
First-strand cDNA was specifically primed using either
5Psequ1/cp (which was about 150 nucleotides downstream from
the end of our known sequence) and 5Psequ3/cp (which was about
a further 140 nucleotides downstream): 5Psequ1/cp, CCGCAGT-
TCTTTTGTATGTAACAGCC; 5Psequ3/cp, CGTGTGTACTT-
GAGTTCCTGATTC.
Second-strand cDNA was made by adding the 50-ml first-strand
reaction to 100 ml second-strand buffer 3 2.5 (100 mM Tris–HCl,
H 7.2, 225 mM KCl, 7.5 mM MgCl2, 7.5 mM DTT, 0.125 mg/ml
BSA); 8 ml DNA Pol I (60 units); 2 ml RNase H (2 units); 2 ml dNTP
mix (25 mM for each); 88 ml DEPC water. This reaction mixture
was placed at 16°C for 3 h, heated to 70°C for 10 min, centrifuged
quickly, and placed on ice. Ten units of T4 DNA polymerase were
added and the reaction was incubated at 37°C for 10 min, diluted
with 200 ml of DEPC-treated water, and then concentrated to 100
ml with Centricon 100, 1000g for 20 min. The resulting double-
stranded cDNA was circularised. Then 100 ml of double-stranded
DNA was added to 12 ml T4 DNA ligase buffer 3 10; 6 ml T4 DNA
ligase (4 U/ml); 2 ml RNA ligase (40 mg/ml) and placed at 16°C
overnight. This was diluted to 1 ml with distilled water and
concentrated to about 50 ml using Centricon 100, 1000g for 30 min.
he final product was stored at 220°C and 5 ml was used as a
emplate for each inverse PCR.
The inverse PCR was performed using two specific primers,
irected away from each other: Inverse1/cp, ggacgaattcT-
ATATCTGCTCCAGCGAAAG; Inverse2/id, atacgaggatc-
GAATGCGACTGGGAGGAAAGCG. Then 0.5 mg of each
primer was used in a 50-ml reaction. The rest of the procedure was
s in Concordet et al. (1996). Three different subclones of each
roduct were sequenced, the sequence was relinearised, and the
onsensus was established.
In Situ Hybridisation
In situ hybridisation was performed as described by Concordet et
al. (1996). Probes used for in situ hybridisation were synthesised
using the following templates: shh (Krauss et al., 1993); MyoD
(Weinberg et al., 1996); ptc1 (Concordet et al., 1996); ptc2—the
1.8-kb bf fragment was linearised with EcoRI and transcribed with
T7; twhh (Ecker, 1995); ehh (Currie and Ingham, 1996); pax-b
(Krauss et al., 1991); and krox-20 (Oxtoby and Jowett, 1993).
Specimens were analysed using a Zeiss Axioplan microscope and
photographed with Kodak Ektachrome 64T film. Images were
scanned on either a Sprintscan 35 slide scanner or a Nikon LS-1000
35 mm film scanner and processed using Adobe Photoshop soft-
ware.
Expression Studies
The following expression constructs were used: p64Tshh (Krauss
et al., 1993); p64Tehh (Currie and Ingham, 1996); pT7TStwhh
(Ekker, 1995); and pCS2dnReg (Stra¨hle et al., 1997).
RNA was synthesised using Ambicon Message Machine kits and
Copyright © 1999 by Academic Press. All rightnjected at empirically determined concentrations. Injections were
erformed on 2- to 4-cell stage embryos using back-filled capillaries
Clarks Micro-electrical Instruments, Reading) and a pressure-
ulsed Narishige microinjector. Large amounts of phenol red were
njected as a negative control. This had no effect on embryo
orphology or expression of either ptc gene. All of the hh injection
xperiments were performed with successive dilutions of mRNA
tock solutions. Individual experimental replicates used a constant
oncentration of RNA; the slight variation in the effects on injected
mbryos within an individual experiment is most likely due to a
inor variation in the volumes of RNA injected and/or the
istribution of the synthetic RNA between different cells in the
mbryo. We controlled for these differences by dividing the injected
mbryos from each individual experiment into two pools and
eplicating each experiment at least twice. One pool from each
xperiment was examined for ptc1 expression and the other for
tc2 expression. The data were then pooled and analysed using the
x2 test. In this way any variations due to differences in needle size
nd/or microinjector setting were randomised.
Zebrafish Stocks
Wild-type Danio rerio were bred from a founder population
obtained from the Goldfish Bowl, Oxford. The flhn1 strain was
obtained from T. Jowett (Newcastle University, UK). The cycb16
strain was obtained from C. Kimmel (University of Oregon, Eu-
gene) and the syut4 strain was obtained from P. Haffter (Max Planck
Institute for Developmental Biology, Tu¨bingen, Germany). Fish
were maintained on a constantly recirculating system at 28°C on a
14-h light/10-h dark cycle.
RESULTS
Isolation and Characterisation of the Entire
patched2 Coding Region
Three fragments of the open reading frame of ptc2,
genie3, Rev2, and bf, which in total span just over 2 kb of
contiguous sequence, were previously obtained by a degen-
erate PCR strategy (Concordet et al., 1996). We subcloned
and sequenced these fragments and used the largest frag-
ment, the 1.8-kb bf fragment, as a probe to screen a number
of zebrafish embryonic cDNA libraries using standard pro-
cedures. No positive clones with homology to ptc were
solated, however, so we resumed the use of PCR to isolate
he rest of the coding region. Specific primers from the
nown sequence were designed and used in combination
ith a number of more 59 and 39 degenerate PCR primers
designed by comparison of the sequences of zebrafish ptc1,
mptc1 chicken ptc1, and Drosophila ptc (Nakano et al.,
1989; Hooper and Scott, 1989; Goodrich et al., 1996; Marigo
et al., 1996b; Concordet et al., 1996). This yielded a further
four fragments, each amplified using one specific primer
and one degenerate primer; IQR and 5-1 elucidated progres-
sively more 59 sequence and EVL and 3-7 elucidated more 39
sequence (see Materials and Methods).
The remainder of the 39 open reading frame was obtained
by screening a gridded genomic cosmid library with the 3-7
fragment. Three filters of ZFTu¨ (ICRF c71) (Burgtorf et al.,
s of reproduction in any form reserved.
17Characterisation of Zebrafish patched21998) were screened and two strong positives were ob-
tained: cosmids E19.108 and J01.94. Sequencing of these
extended the known sequence and revealed a stop codon a
short way into the new sequence. To verify that this 39
sequence is coding, two specific primers, one from either
side of the stop codon, were used in an RT-PCR using the
proofreading enzyme vent DNA polymerase to minimise
errors. A fragment of the expected size (;350 nt) was
obtained, subcloned, and sequenced; this confirmed the
sequence obtained from the cosmids and confirmed that the
stop codon was real and in coding sequence.
The rest of the 59 sequence was obtained by using an
inverse PCR technique, similar to Huang et al. (1990) but
with specifically primed first-strand cDNA, using a primer
based on 59 ptc2 sequence. Two different types of cDNA
were made using different specific primers. The rest of the
protocol was then followed in duplicate. Both of the circu-
larised cDNAs produced PCR fragments, approximately
0.52 and 0.67 kb, agreeing with the difference between the
positions of the two initial specific primers for the first-
strand cDNA. These PCR products were subcloned. Three
different subclones of each product were sequenced, the
sequence was relinearised, and the consensus was estab-
lished (for more details see Materials and Methods). This
identified an in-frame stop codon (TAG), 13 amino acids
upstream of an in-frame methionine which we have as-
sumed to be the transcription start point (see Fig. 1A). The
nucleotide sequence of the Zf ptc2 gene described here has
been deposited in the EMBL database under Accession No.
AJ007742.
Both zebrafish (Zf) ptc genes are predicted to encode
proteins with significantly shorter carboxyl terminal do-
mains than the Ptc proteins characterised in other species,
with the exception of mouse Ptc2, which is similar in
length to the Zf proteins (see Fig. 1A). Zf Ptc2 is slightly
longer than Zf Ptc1 due to a small insertion in the middle of
Zf Ptc2 in the region between the putative sixth and
seventh transmembrane regions. All Ptc proteins are quite
divergent in this region, even those from different species of
Drosophila (Forbes, 1992), and the vertebrate Ptc proteins
also all have an insertion relative to Drosophila Ptc (Con-
cordet et al., 1996). The second small insertion, however,
seems to be specific to Zf-Ptc2.
The predicted amino acid sequence of Zf-Ptc2 is more
closely related to the first Ptc proteins to be identified in other
vertebrates than it is to Zf-Ptc1. For example it shows 82%
identity with m-Ptc1 and c-Ptc1 but is only 64% identical to
Zf-Ptc1 (Fig. 1B). However, Zf-Ptc2 is less similar to m-Ptc2
than it is to Zf-Ptc1 (only 58% identical). Unlike Zf-Ptc1,
Zf-Ptc2 has the same potential glycosylation sites that are
conserved between Drosophila, mouse, human, and chick
Ptc1; three putative glycosylation sites are conserved between
Drosophila Ptc, m-Ptc1 c-Ptc1, h-Ptch1, and Zf-Ptc2 but only
one of these is conserved in Zf-Ptc1 or m-Ptc2 (Fig. 1A). In
addition to these sites, Zf-Ptc2 has an additional seven puta-
tive glycosylation sites, two of which are in regions of the
protein that are predicted to be extracellular. One of these is
Copyright © 1999 by Academic Press. All rightconserved in all other vertebrate Ptc proteins but not in
Drosophila Ptc (though there is a site in a nearby position in
Drosophila Ptc) while the other is conserved in m-Ptc1,
h-Ptch1, and c-Ptc1 (but not m-Ptc2 or Zf-Ptc1) (Fig. 1A). The
eight cysteine residues that are conserved in all the other Ptc
proteins are also conserved in Zf-Ptc2 (see Fig. 1A) (Concordet
et al., 1996; Johnson and Scott, 1997). All of these character-
istics suggest that Zf-Ptc2 is more closely related to the
proteins now designated Ptc1 in chick, mouse, and human.
Zf-Ptc1 is only marginally more similar to m-Ptc2 (Fig. 1B), so
these two proteins may also belong to different classes (see Fig.
1C).
Ptc proteins also show homology in their hydrophobic
regions to the Niemann-Pick type C (NPC) protein that is
implicated in intracellular cholesterol trafficking (Carstea
et al., 1997; Loftus et al., 1997; Johnson and Scott, 1997).
This homology resides mainly in two distinct regions: the
first spans the 3rd to the 5th transmembrane regions of Ptc
and includes a putative sterol sensing domain, based on
sequence homology with other sterol-regulated proteins
such as SREBP cleavage-activating protein (SCAP) and
HMG CoA, and the second spans the 8th to 12th transmem-
brane regions. The degree of similarity between mouse
NPC and the two different classes of Ptc genes in fish and in
mouse is almost identical (34–35% identical, 44–47%
similar in the first region; 35–38% identical, 48–49%
similar in the second region) suggesting that any functional
significance of this homology is common to all Ptc proteins.
Expression of ptc2 during Normal Development
Expression of ptc2 is initially detected at ;85% epiboly,
about 60 min after expression of ptc1 can first be seen. At
the end of gastrulation, expression of ptc2 is restricted to a
longitudinal stripe, eight to nine cells wide, in the neurec-
toderm, that extends along the rostrocaudal axis of the
embryo (Fig. 2A). By contrast, ptc1 is expressed both in the
neurectoderm and, at significantly higher levels, in the
adaxial cells of the presomitic mesoderm (Fig. 2B). At these
early stages of development all three hh genes are expressed
in the midline: shh and ehh in the mesoderm and shh and
twhh in the ventral neurectoderm (shown for shh: Fig. 2C).
A prominent stripe of expression of ptc2 becomes apparent
in the rhombomere 3 region of the presumptive hindbrain
at the onset of somitogenesis; no expression of ptc1 is
observed in this region. A weaker stripe of ptc2 expression
is also visible in presumptive rhombomere 5 by about the 8
somite stage (Fig. 2D).
While expression of ptc2 is initially restricted to the
midline neurectoderm, by about the 5 somite stage tran-
script is also detectable in the somites, the adaxial cells of
the presomitic mesoderm, and around the tail bud (Figs. 2E
and 2G). At the 10 somite stage, expression is most promi-
nent in the rostral half of the trunk; transcript levels are
much lower throughout the presomitic mesoderm (though
slightly higher in the most caudal adaxial cells and around
the tail bud). The somitic expression of ptc2 contrasts with
s of reproduction in any form reserved.
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19Characterisation of Zebrafish patched2that of ptc1; whereas high levels of ptc1 transcript are
restricted to the medial region of each somite in cells
adjacent to the notochord, ptc2 is expressed throughout
most of each somite though notably it is down-regulated in
the cells closest to the notochord (i.e., those expressing
ptc1) while being expressed at highest levels in cells imme-
diately adjacent to these (Figs. 2H and 2I).
By late somitogenesis, both ptc genes continue to be
highly expressed in tissues around sites of shh, twhh, and
ehh expression but in all cases the domains of ptc2 expres-
sion remain significantly broader than those of ptc1 (Figs. 2J
and 2K). Thus at 24 h postfertilisation (hpf) ptc2 transcript
extends throughout the full dorso-ventral extent of the
somites and of the neural tube, with the exception of the
floor plate in the rostral trunk (Figs. 3C, 3D, 7G, and 7H). A
dorsal view of an embryo around 24 hpf reveals the dynamic
nature of ptc2 expression within the somites at this stage
(Figs. 3G and 3J). In the more rostral region, ptc2 expression
is most prominent in cells at the lateral edges of the somites
but expression becomes progressively more medial in more
caudal somites, while in the presomitic mesoderm, expres-
sion is limited to the adaxial cells and around the tail bud.
Intriguingly, this pattern mirrors the migration of the slow
twitch myoblasts through the somites as visualised by
expression of the slow myosin heavy chain isoform (Fig. 3,
FIG. 1. Comparison of the amino acid sequences of different P
proteins. The amino acid sequences of the open reading frames of ze
mouse ptc2 (mptc2) were aligned using DNA STAR. Conserved a
indicated by purple lines above the sequence. Red and black aster
between all Ptc proteins. Square brackets indicate potential N-glyco
human Ptch1; green brackets indicate sites that are also conser
onserved with Drosophila. Note that only the most 59 (yellow) sit
Percentage identity and similarity. A comparison of the amino ac
organisms. The first number gives the percentage identity and th
calculated using the best fit programme from Genetics Computer G
of a gap creation penalty of 12 and a gap extension penalty of 4. (C
of the open reading frames of different Ptc proteins and aligned bycf. 3J to 3K; Blagden et al., 1997; Devoto et al., 1996). This
dynamic expression of ptc2 contrasts with that of ptc1, w
Copyright © 1999 by Academic Press. All righthich remains restricted to cells immediately adjacent to
he notochord (Fig. 3I); at this stage these include the
pecialised class of slow muscle cells known as the muscle
ioneers (MPs). The distribution of ptc1 and ptc2 tran-
scripts with respect to the anteroposterior axis of the
somites also varies rostrocaudally. At this and later stages,
both ptc1 and ptc2 are expressed in the anterior half of the
most caudal somites but in the posterior half of the more
rostral somites (data not shown).
The pattern of expression of ptc2 in the head is very
imilar to that of ptc1: both genes are expressed in the
entral brain, around the stripe of shh expression that
xtends from the ventral floor of the diencephalon up
owards the epiphysis, and in rhombomeric stripes in the
indbrain (Figs. 3A, 3B, 4C, and 4D). Expression of ptc2
ersists in the brain: at 32 hpf it is expressed in the
indbrain, midbrain–hindbrain boundary, diencephalon,
nd forebrain, in a manner very similar to ptc1. Both genes
re still expressed in the neural tube and weakly in the
omites, with the expression differing between them in the
ame ways as at 24 hpf. In addition, ptc1 and ptc2 are now
xpressed in the fin buds and the branchial arches, both
ites of expression of shh but not ehh or twhh. The
xpression of ptc2 in the fin buds is broader and weaker
han that of ptc1 (Figs. 7A and 7D).
d proteins. (A) Sequence alignment of zebrafish and mouse Ptc
sh Ptc2 (ZFptc2), zebrafish Ptc1 (ZFptc1), mouse Ptc1 (mptc1), and
acids are boxed in orange. Putative transmembrane domains are
above the sequences identify cysteine residues that are conserved
ion sites that are conserved among Zf-Ptc2, mPtc1, chick Ptc1, and
ith Drosophila and yellow brackets indicate sites that are not
the most 39 (green) site are conserved with Zf-Ptc1 and mPtc2. (B)
quence of the open reading frames of Ptc proteins from different
mber in brackets gives the percentage similarity. These were all
(GCG) software (Devereux et al., 1984), using the default options
logeny tree. A phylogeny tree based on the amino acid sequences
Clustal method within the programme DNA STAR.atche
brafi
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roupAt 72 hpf ptc2 expression extends throughout the fins,
hereas ptc1 expression is more restricted. At this stage
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20 Lewis, Concordet, and Inghamptc2 is also expressed in the mouth parts, branchial arches,
and hindbrain in a pattern very similar to that of ptc1. In the
mouth, shh is expressed in the epithelial layer and the ptc
enes are expressed mainly in the mesenchymal cells adja-
ent to cells expressing shh. Both ptc genes are also ex-
pressed in the developing gut but this is the only notable
trunk expression at this stage (data not shown).
Expression of ptc2 Is Dependent on Hedgehog
Activity
Despite the differences noted above, the expression pat-
tern of ptc2, like that of ptc1, shows a striking correlation
with various sites of Hh-family gene expression. To inves-
tigate whether the expression of ptc2 similarly depends
upon Hh signalling, we exploited the cyclops (cyc) and
floating head (flh) mutations, both of which cause the
elimination of structures expressing the shh, ehh, and twhh
enes in different regions of the embryo.
Mutation of cyc disrupts the specification of the pre-
hordal plate mesoderm and the overlying neurectoderm
nd also causes a delay in the development of the floor plate
n the trunk (Hatta et al., 1991; Hatta et al., 1994; Thisse et
l., 1994). As a consequence, expression of shh and of twhh
s completely missing from the head, with the exception of
he small stripe of shh expression that extends dorsoven-
rally in the diencephalon at about 24 hpf. A patch of twhh
nd shh expression also forms posterior and ventral to this
FIG. 2. Wild-type expression of ptc and hh genes during early deve
of wild-type zebrafish embryogenesis. Transcripts were revealed by
ptc2 (A, E, G, H, and J); shh (C and L), and pax-b 1 ptc2 (D). (A–C)
their anteroposterior axis oriented vertically. ptc1 and ptc2 have d
in the neurectoderm above the midline (A), whereas ptc1 is also exp
flat preparations (with the yolk removed). Anterior is to the left. (
the midbrain–hindbrain boundary (shown with an asterisk) and the
5 but extends into presumptive rhombomeres 4 and 6 (indicated
presumptive rhombomere 3 and a much weaker stripe of expressio
lines); (E and F) ptc2 and ptc1 expression, respectively, at 5–6 somit
ptc2 is expressed throughout the medial lateral extent of the somit
ptc2 expression in the somites remains broader than ptc1 expressio
views of embryos at 18 somites. ptc2 expression (J) is now clearly b
FIG. 3. Wild-type expression at 24 h postfertilisation. Transcript
ptc1 (A, E, H, and I), ptc2 (B, C, D, G, and J), and shh (F) and slow m
antibody (K). All embryos were fixed at 24 hpf. (A and B) Expression
mark the boundaries of rhombomeres 2–6 ((B) shown with black arr
to the expression of ptc1 (A), which is elevated in rhombomeres 2 an
The expression of ptc1 and ptc2 differs considerably in the somites
that are adjacent to the notochord, whereas ptc2 has a dynamic pa
that of BA-D5 which marks slow muscle fiber types (G–J and cf. K).
after the in situ hybridisation procedure. The black arrows point to
neural tube, and nc denotes notochord. Neither ptc1 nor ptc2 is ex
in the floor plate in the tail (data not shown). The neural tube expre
by the specimen in (C), which was stained for a shorter time than t
for the floor plate while (D) shows ptc2 expression in the neural tub
than ptc2; it is expressed only in the ventral neural tube (apart from the fl
in the notochord. (F) Caudal section where shh is still expressed in the
Copyright © 1999 by Academic Press. All righttripe in the presumptive gut (Figs. 4E and 4F). Expression of
hh and ehh in the notochord is normal but there is no
xpression of shh or twhh in the ventral neural tube.
At 24 hpf expression of ptc2, like ptc1, is eliminated from
he forebrain and midbrain of cyc homozygotes except
round the stripe of shh expression in the diencephalon and
n the region of the developing gut that expresses twhh and
hh. Expression of both ptc genes in the hindbrain is also
educed, but like ptc1, ptc2 expression in the trunk appears
naffected (Figs. 4G and 4H).
The flh mutation disrupts notochord specification, result-
ng in a premature loss of shh expression from the axial
esoderm posterior to the midbrain–hindbrain boundary
Talbot et al., 1995) and the complete elimination of ehh
xpression (Currie and Ingham, 1996). In the rostral trunk a
ontinuous floor plate forms that expresses shh and twhh
ormally. However, more caudally, floor plate development
s severely disrupted such that only isolated groups of cells
xpress shh and twhh (Fig. 5A).
Like ptc1 (Concordet et al., 1996), ptc2 is expressed
normally in the brain of flh homozygotes but expression in
the trunk is substantially reduced. In the caudal region of
the trunk, ptc2 expression is restricted to small groups of
neural cells dorsal to those expressing shh and twhh. This is
similar to ptc1 expression in this region, except that the
ptc2 expression extends slightly more dorsally from the hh
expressing cells, mirroring the more dorsal expression of
ptc2 in the wild-type neural tube. In the rostral trunk where
ent. Comparison of ptc and hh gene expression during the first 18 h
tu hybridisation with antisense RNA probes to ptc1 (B, F, I, and K);
al views of embryos at the end of gastrulation (tail-bud stage) with
nt expression patterns at this stage; ptc2 is exclusively expressed
d in the adaxial cells and the presomitic mesoderm (B). (D–I) Dorsal
c2 and pax-b expression at about 8 somites. pax-b is expressed in
mptive otic vesicle which is centred on presumptive rhombomere
a black square bracket). A stripe of ptc2 expression is visible in
resent in rhombomere 5 (indicated with yellow double arrowhead
d (L) a close-up of ptc2 expression in the caudal trunk at this stage.
this stage but ptc1 expression is still confined to the adaxial cells;
10–12 somites and this is shown in close-up (H and I). (J–L) Lateral
er than ptc1 expression (K) in the brain, neural tube, and somites.
e revealed by in situ hybridisation with antisense RNA probes to
fiber types were detected by immunolocalisation with the BA-D5
e hindbrain. There are six vertical stripes of ptc2 expression which
. This rhombomeric expression of ptc2 is similar, but not identical,
ectangular brackets) and the edges of rhombomere 6 (black arrows).
is expressed only in the presomitic and somitic mesodermal cells
of expression along the rostrocaudal axis which is very similar to
were obtained by embedding embryos in wax and sectioning them
floor plate, the red dashed lines demarcate the ventral edge of the
sed in the rostral floor plate (C–E), though both are still expressed
of ptc2 is slightly stronger than the somite expression as revealed
(D): (C) shows ptc2 expression throughout the neural tube except
d throughout the somites. ptc1 expression is much more restrictedlopm
in si
Dors
iffere
resse
D) pt
presu
with
n is p
es an
es at
n at
road
s wer
uscle
in th
ows)
d 4 (r
; ptc1
ttern
(C–F)
the
pres
ssion
hat in
e anoor plate) and the medial somite (E). Neither ptc gene is expressed
notochord, in addition to being expressed in the floor plate.
s of reproduction in any form reserved.
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22 Lewis, Concordet, and Inghamthere is a continuous stretch of floor plate, ptc2 is expressed
n a continuous domain throughout the neural tube. How-
ver, again like ptc1, there is no expression of ptc2 in the
nterior somites, apart from a few mesodermal cells that
ontact the shh and twhh expressing cells in the trunk (Figs.
B and 5C). Weak expression of ptc2 is, however, some-
imes seen in posterior tail somites of the embryo.
ptc2 Differs from ptc1 in Its Requirement for shh
Activity
To determine whether activity of Shh is specifically
required for ptc2 transcription we made use of the shh
loss-of-function mutation syut4 (Schauerte et al., 1998). At
the 18 somites stage, expression of ptc1 is almost com-
pletely eliminated from homozygous syut4 embryos with no
expression in the somites and only very low levels of
transcript detectable in the ventral neural tube (Fig. 6C;
Lewis et al., 1999). By contrast, although the levels of
transcript in both the neural tube and the somites are
slightly reduced compared to wild-type, expression of ptc2
is detectable throughout its normal domain in syut4 mu-
ants (Fig. 6D). Notably, however, no fin-bud expression of
ither ptc1 or ptc2 can be detected in syut4 homozygotes
Figs. 7B and 7E).
Distinct Effects of U-Type Mutants on ptc2
Expression
The syu mutant is a member of the so-called U-type class of
utants defined by their characteristic U-shaped somites. In
ach case, mutant embryos lack the MP cells induced by Hh
ctivity, suggesting that these mutants somehow disrupt the
h signalling pathway(s) (van Eeden et al., 1996). Consistent
ith this, two of these mutants, chameleon (con) and you-too
yot), have a dramatic effect on the expression of ptc1 similar
o that caused by syu, with expression almost eliminated from
he trunk region of mutant embryos at late somitogenesis
tages (Lewis et al., 1999).
In con homozygous embryos, the levels of ptc2 expres-
ion are reduced compared to wild-type embryos, but as in
yut4 homozygotes, expression persists in all those regions
here it is normally found. In contrast to syut4 homozy-
gotes, the expression of both ptc2 and ptc1, though reduced,
is not eliminated from the fin buds of con homozygotes
(Figs. 7C and 7F).
In embryos homozygous for yot, expression of ptc2 per-
ists in the neural tube, albeit at lower levels, while both
tc genes are expressed normally in the fin buds. Notably,
FIG. 4. ptc expression in cyclops homozygotes. Transcripts were
and E), twhh (B and F), ptc2 (C and G), and ptc1 (D and H). (E–H) s
wild-type siblings processed in parallel. All embryos were fixed at 24
anterior brain except for cells around the cells still expressing shh and/
Copyright © 1999 by Academic Press. All rightowever, there is no expression of ptc2 in the rostral
somites of yot homozygous embryos (see Figs. 7I and 7J).
Differential Response of ptc1 and ptc2 to Ectopic
Hh Activity
The finding that ptc2 is expressed in cells more distant
rom Hh-expressing cells than those that express ptc1
uggests that the two genes may be transcribed in response
o different levels of Hh activity. This view is supported by
ur finding that expression of ptc2 but not ptc1 is sustained
n the absence of Shh activity, as would be expected if both
tc genes respond to distinct thresholds of the combined
ctivities of all midline expressed Hh genes. An alternative
nterpretation of this observation, however, is that ptc2
xpression is essentially independent of Shh, but is specifi-
ally activated in response to Ehh and/or Twhh activity. To
iscriminate between these possibilities, we assayed the
bility of each of the three midline expressed Hh genes to
nduce transcription of ptc1 and ptc2 when misexpressed in
wild-type embryos and titrated their activities by injecting
differing concentrations of synthetic mRNA.
As previously described (Ekker et al., 1995) morphological
defects occur with increasing frequency in embryos injected
with successively higher doses of hh mRNA (data not shown).
We found that at the highest concentrations injected, shh,
twhh, and ehh mRNAs all had similar effects, as did the
injection of high concentrations of an mRNA encoding a
dominant negative mutation of the murine PKA regulatory
subunit. In all cases, the majority of injected embryos showed
clear effects on the expression of both ptc genes (Fig. 8). In the
most severely affected embryos, both ptc1 and ptc2 are ectopi-
cally expressed throughout the brain, except in the telenceph-
alon (Figs. 8E and 8L). In the trunk, however, the effects of Hh
overexpression differ quite significantly. While ptc1 is ectopi-
cally expressed throughout the dorsal–ventral and mediolat-
eral extents of the somites and the dorsal–ventral extent of the
neural tube, in a pattern reminiscent of the normal ptc2
pattern (Fig. 8B), expression of ptc2 itself is actually sup-
pressed in the trunk region, leaving only a narrow domain of
strong expression in the most dorsal part of the neural tube
(Fig. 8I).
Injection of serial dilutions of each of the three hh mRNAs
(see Materials and Methods) revealed a differential sensitivity
of the two ptc genes to Hh activity. Whereas the majority of
injected embryos still show ectopic expression of ptc2 follow-
ing injection of lower concentrations of mRNA, we observed
a significant reduction in the proportion of embryos showing
ectopic expression of ptc1 (Table 1).
led by in situ hybridisation with antisense RNA probes to shh (A
expression in cyclops homozygotes and (A–D) show expression inrevea
howhpf. Expression of both ptc genes is lost from all the areas of the
or twhh.
s of reproduction in any form reserved.
C
wFIG. 5. ptc expression in flh homozygotes. Transcripts were revealed by in situ hybridisation with antisense RNA probes to shh (A), ptc2
(B), and ptc1 (C). All panels show lateral views of the trunk of flh homozygotes above the yolk extension, at 24 hpf with anterior to the left.
Expression of both ptc genes is lost from the somites and from most of the caudal trunk apart from around the groups of floor plate-like
cells that still express shh and twhh. In addition, ptc2 expression extends more dorsally in the neural tube from these groups of cells than
ptc1 expression does.
FIG. 6. ptc expression in syu homozygotes. Transcripts were revealed by in situ hybridisation with antisense RNA probes to ptc1 (A and) or ptc2 (B and D) on 18–20 somite embryos. Mutations homozygous for syu have a dramatic reduction in ptc1 expression (C and cf. A,
hich shows wild-type ptc1 expression), but hardly any reduction in ptc2 expression (D and cf. B, which shows wild-type ptc2 expression).
23
24 Lewis, Concordet, and InghamFIG. 7. ptc expression in con, syu, and yot. (A–F) Fin bud expression of ptc1 (A–C) and ptc2 (D–F) at 32 hpf. In all cases the fin buds are
indicated with black arrows. Both ptc1 and ptc2 are expressed in wild-type fin buds but the ptc2 domain is both broader and weaker than
that of ptc1 (A and D). In contrast neither gene is expressed in the fin buds of syu homozygotes (B and E) and expression of both ptc1 and
ptc2 is reduced in the fin buds of con homozygotes (C and F) though ptc1 is affected more than ptc2. (G–J) Lateral views of ptc2 expression
with anterior to the left. The rectangular brackets in G and I indicate the equivalent regions of embryos shown in close-up in H and J. At
24 hpf ptc2 expression is only slightly affected, if at all, by any of the “U” class of mutations. In yot homozygotes ptc2 expression is very
slightly weaker than in wild-type embryos (I) but less so than in con or syu homozygotes; the one exception to this is in the anterior somites,
where expression of ptc2 is eliminated (J).
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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25Characterisation of Zebrafish patched2DISCUSSION
The results of this analysis confirm and extend our earlier
finding that the zebrafish genome contains at least two
genes homologous to Drosophila ptc (Concordet et al.,
996). These do not derive from a simple tandem duplica-
ion of the locus since linkage analysis reveals that they
ap to different chromosomes (J. Postlethwait, personal
ommunication). Moreover, while ptc1 is closely linked to
twhh, ptc2 maps to a different linkage group from shh; this
uggests that the duplication event giving rise to ptc1 and
tc2 occurred significantly earlier than the relatively recent
artial duplication of the zebrafish genome thought to have
enerated the closely related shh and twhh genes (Postle-
hwait et al. 1998). Consistent with this, a second ptc gene
n both newt and mouse has subsequently been reported
Motoyama et al., 1998; Takabatake et al., 1997), indicating
FIG. 8. Induction of ectopic ptc expression by overexpression
ybridisation with antisense RNA probes to ptc1 (A–G) or ptc2 (H
) were injected with dnPKA at the 1–4 cell stage and then fixed
rocessed in parallel. Injections of synthetic RNA from all the diffe
oncentrations of injected RNA resulted in ectopic expression of b
, L–N); ptc1 was also often ectopically expressed in the trunks (B s
f weaker ectopic expression), but in contrast ptc2 expression wasthat duplication of the ptc gene most likely occurred prior
to the vertebrate radiation.
Copyright © 1999 by Academic Press. All rightSequence comparisons of all the vertebrate Ptc proteins
described to date support this view, suggesting that the
proteins fall into at least two and possibly three distinct
classes, with Zf-Ptc2 being more similar to the Ptc1 pro-
teins originally described in the mouse, chick, and human
than to either newt or mouse Ptc2. The shorter carboxyl-
terminal domains of both the zebrafish Ptc proteins and
m-Ptc2, together with the sequence diversity in the third
intracellular loop, suggest that at least parts of both do-
mains are either dispensable for Ptc function or have
species-specific functions. All of the predicted Ptc proteins
are equally similar to mouse NPC, suggesting that the
similarity of the two domains is likely to be functionally
significant.
Since no comprehensive descriptions of the expression
patterns of the mouse or newt ptc2 genes have yet been
published, it is difficult to make detailed comparisons of
hh or inhibition of PKA. Transcripts were revealed by in situ
(B, C, E, F, I, J, L, and M) were injected with shh RNA, and (G and
hpf. (A, D, H, and K) show control uninjected embryos that were
hh genes and of a dnPKA construct all gave the same results. High
ptc genes in the heads of injected embryos at 24 hpf (B, C, E–G, I,
an example of strong ectopic expression and C shows an example
from the ventral trunks of the more severely affected embryos (I).of s
–N).
at 24
rent
oththe spatial deployment of the different ptc genes between
species. In the mouse, however, while there is extensive
s of reproduction in any form reserved.
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26 Lewis, Concordet, and Inghamoverlap between the expression domains of mptc1 and
ptc2 in the early limb buds (Yang et al., 1998), it is notable
hat in the epidermis the two genes are expressed in almost
omplementary patterns: thus mptc2 is apparently coex-
ressed with shh in the invaginating epithelial cells of the
air follicles, whereas mptc1 is expressed in the mesenchy-
al condensations surrounding these invaginating cells
Motoyama et al., 1998). Although our analysis of Zf-ptc2
eveals a pattern of expression that is distinct from that of
f-ptc1, especially at early stages of development, the
xpression of the two genes in general overlaps, with
f-ptc2 being expressed in broader domains than Zf-ptc1. In
contrast to the situation in mouse, we have found no
evidence of either of the ptc genes being coexpressed with
shh in a pattern complementary to the expression of the
other ptc gene. However, in rostral somites at later stages of
somitogenesis, Zf-ptc1 and Zf-ptc2 are expressed in comple-
mentary medial–lateral domains of the somites. While both
Zf-ptc1 and Zf-ptc2 are expressed in embryonic regions
similar to all of the other vertebrate ptc genes, it is notable,
given the greater sequence similarities between Zf-ptc2 and
the ptc1 genes from other species, that in several cases the
expression patterns of the latter resemble more that of
Zf-ptc1 than of Zf-ptc2. One exception to this rule is in the
neural tube where in mouse and chicken, the later expres-
sion of ptc1 extends quite far dorsally (Goodrich et al., 1996;
Marigo and Tabin, 1996c), resembling more the expression
pattern of Zf-ptc2.
The effects of midline mutants as well as of ectopic
expression of the different Hh family genes strongly suggest
that, like Zf-ptc1 (Concordet et al., 1996), the transcription
TABLE 1
Induction of ptc1 and ptc2 Expression Following Injection of Vary
hh injected
Number of
experimental
replicates
Total percent
embryos w
ectopic pt
shh 6 89.6% (n 5
(high concentrations)
hh 2 39% (n 5 82
(lower concentrations)
whh 8 93.5% (n 5
(high concentrations)
whh 5 11.1% (n 5
(lower concentrations)
hh 7 18% (n 5 18
(lower concentrations)
Note. By injecting serial dilutions of hh mRNAs we revealed a d
ctivity. The data presented show the pooled results of injecting e
RNAs (designated “high” and “lower”), empirically determined
mbryos judged to express either ptc gene ectopically by visual ins
f x2 test the hypothesis that the two genes respond equivalently
hypothesis being correct.of Zf-ptc2 is responsive to Hh signalling and that Hh signals
are required for its high-level expression. Several aspects of
o
s
Copyright © 1999 by Academic Press. All rightthese results suggest that there is no specificity in the
regulatory relationship between particular Hh proteins and
ptc genes; rather, the expression of both ptc genes seems to
reflect their integration of the activities of all Hh signals.
First, Hh activity is generally required for expression of
both ptc genes as in mutants that eliminate the expression
of all the hh genes in specific regions of the body (most of
the head in cyc embryos, the notochord in later stage flh
embryos, the fin buds of syu homozygotes) there is no
expression of either ptc gene. Second, shh is sufficient for
the expression of both ptc genes, but at least at some stages
of development it is not required for the expression of either
gene. That shh activity is sufficient is shown by the
ild-type expression of both ptc genes in the fin buds which
niquely express shh and by the expression of both genes
round the stripe of shh expression in the heads of cyc
omozygotes. Whereas the loss of ptc1 expression from the
omites and reduction in ptc1 levels in the neural tube of
yu homozygotes reveal a strong dependence of ptc1 expres-
ion on Shh activity, the near normal expression of ptc2 in
he same mutants suggests that the activity of the other hh
enes expressed in the midline—twhh and ehh—may be
ufficient to activate ptc2 expression in the somites and
eural tube. Consistent with this, we found that misexpres-
ion of all three zebrafish hh genes, as well as the inhibition
f PKA activity, has a similar effect on the expression of
tc2 and indeed of ptc1. Again this indicates a lack of
pecificity in the regulatory relationship between the ptc
enes and the different Hh proteins in zebrafish, an infer-
nce that is line with the available data on the response of
he ptc1 gene to different Hh family proteins in other
oncentrations of hh mRNAs
f Total percentage of
embryos with
ectopic ptc2 x2 P value
89.2% (n 5 111) 0.0037 0.95 , P , 0.98
78.2% (n 5 78) 15.76 P , 0.001
93.1% (n 5 160) 0.0054 0.95 , P , 0.98
42.6% (n 5 108) 12.39 P , 0.001
55% (n 5 161) 14.70 P , 0.001
ence in the response of the two ptc genes to varying levels of Hh
os with two distinct concentration ranges of each of the three hh
ve different responses. The percentages indicate the proportion of
on of stained embryos following in situ hybridisation. The values
he injected mRNAs; the P values indicate the probability of theing C
age o
ith
c1
115)
)
169)
99)
9)
iverg
mbry
to gi
pectirganisms: in chick and mouse, ptc1 is expressed around
ites of expression of all three hh genes, Ihh, Dhh, and Shh;
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27Characterisation of Zebrafish patched2moreover, both mptc1 and mptc2 can be up-regulated by
ectopic Ihh activity (Yang et al., 1998), and in the newt ptc1
nd ptc2 are both up-regulated by shh (Takabatake et al.,
997). While such data cannot alone resolve the question of
hether there is any specificity between individual Hh and
tc proteins, it seems reasonable to assume, given the likely
unctional significance of the regulatory interactions be-
ween the signals and their receptors, that any transcrip-
ional regulation of a ptc gene by a specific Hh protein is
ikely to reflect a functional interaction between the respec-
ive receptor and ligand.
The principal difference between the spatial deployment
f the two zebrafish ptc genes is in the extent of their
xpression domains: whereas ptc1 is expressed at high
evels only in cells in close proximity to the sources of Hh
roteins (which presumably receive the highest levels of Hh
ctivity), the expression of ptc2 is much more widespread.
hile our data cannot discriminate between direct versus
ndirect effects of Hh activity on the expression of either ptc
ene, a plausible interpretation of these differing patterns of
xpression is that the two genes are induced in response to
istinct levels of Hedgehog activity. Such an interpretation
s supported by our finding that the expression of ptc2 is
ctopically induced by lower levels of exogenous Hh activ-
ty than is required to activate transcription of ptc1. That
he comparatively restricted expression of ptc1 is a function
f its higher threshold of response to Hh signalling rather
han to any differential competence of cells to express the
ene is suggested by the fact that the expanded domain of
tc1 expression induced by Hh overexpression resembles
losely the normal ptc2 expression domain. One unex-
ected finding of our analysis is that high levels of Hh
ctivity result in the repression of ptc2 expression, specifi-
ally in the somites and the ventral neural tube. Such
pposing effects on the expression of the two ptc genes
ecalls their complementary patterns of expression in the
omites, where ptc2 is specifically down-regulated in the
ells closest to the notochord: these cells are expected to be
xposed to the highest levels of Hh protein and consistent
ith this are the only cells that express ptc1 at high levels.
hile the functional significance of this remains unclear,
uch opposing effects of Hh activity on putative target gene
xpression are not without precedent. In the Drosophila
ing imaginal disc, high-level expression of hh can induce
ctopic ptc expression but at the same time represses the
ranscription of another of its normal targets, decapentaple-
ic (dpp) (Ingham and Fietz, 1995). In this case, the latter
ffect is an indirect consequence of the induction of en-
railed (en), a repressor of dpp, by high levels of Hh (Strigini
nd Cohen, 1997). Whether or not a similar mechanism
nderlies the differential regulation of the two Zf ptc genes
emains to be elucidated.
Finally our analysis of ptc2 expression in the U-type
utants provides evidence for complexity in the pathways
ransducing the Hh signals. Previous studies have impli-
ated the yot gene in the response of cells to Hh signalling
van Eeden et al., 1996), a conclusion supported by analysis
Copyright © 1999 by Academic Press. All rightf Hh-dependent muscle cell specification in yot mutants
Lewis et al., 1999). However, the expression of both ptc1
nd ptc2 described here indicates that, in some contexts,
he function of this gene is dispensable for Hh signalling.
irst, the Shh-dependent expression of both ptc genes is
naffected in the fin buds of yot homozygotes. Second, ptc2
expression persists in the dorsal neural tube of yot homozy-
gotes. On the other hand in the somites of the same
embryos ptc2 expression is eliminated, indicating that Yot
ctivity is required for Twhh and/or Ehh signalling as well
s that of Shh. By contrast the effects of the con mutation
n somitic expression of ptc2 are similar to those of syu.
While this may indicate that con activity is not absolutely
required for Hh signalling, an alternative possibility is that
the existing con alleles are not complete loss-of-function
mutants. The latter interpretation is also consistent with
ptc expression in the fin buds of con homozygotes, which is
reduced in level but, in contrast to syu fin buds, not
eliminated. Further analysis of this interesting locus will be
required to clarify its role in Hh signalling.
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Note added in proof. Following submision of the revised version
of this manuscript, a fuller description of the mouse Ptch2 gene
expression pattern was published: Motoyama, J., Heng, H., Crack-
ower, M. A., Takabatake, T., Takeshima, K., Tsui, L. C., and Hui,
C. (1998). Overlapping and non-overlapping ptch2 expression with
shh during mouse embryogenesis. Mech. of Devl. 78, 81–89.
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